Changes in Ca '-adenosine triphosphatase (ATPase) activity in the plasma membrane of smooth-muscle cells in the basilar arteries of dogs with experimental subarachnoid hemorrhage (SAH) were examined. The study methods included electron microscopic histochemistry and bioassay of the enzyme that exports cytoplasmic Ca ~' to extracellular spaces. The Ca ~ +-ATPase activity in the basilar artery increased significantly in response to the application of vasoconstrictive agents (prostaglandin F2~ and a phorbol ester), but decreased significantly 24 hours after experimental SAH, inversely with basilar artery contraction. Dogs that had undergone two arterial blood injections (double SAH) exhibited a further decrease in Ca + ~-ATPase activity as well as persistent contraction of the basilar artery for a longer period (at least 7 days) than was seen in animals with a single arterial blood injection. Bioassay of the enzyme also demonstrated a decrease in vascular Ca-'-ATPase activity in dogs subjected to double SAH. These findings suggest that the early occurrence of and long-lasting decrease in Ca ~ +-ATPase activity in dogs with experimental SAH induces a persistent disturbance of Ca ++ homeostasis and indicates that damage to the plasma membrane in the cerebral arterial smooth-muscle cells proceeds to myonecrosis after SAH. KEY WORDS 9 subarachnoid hemorrhage . vasospasm 9 calcium homeostasis 9 smooth-muscle cell 9 calcium-adenosine triphosphatase 9 dog LTERATIONS in the concentration of cytoplasmic free Ca*-have been shown to modulate smooth-muscle contraction and relaxation; these changes may also play an important role in the pathogenesis of cerebral vasospasm after subarachnoid hemorrhage (SAH). 16,21,29,33,34,36,3~,41) Several attempts have been made to measure time-dependent changes in Ca ++ concentrations in smooth-muscle cells of the basilar artery of animals with experimental SAH. We have previously demonstrated a massive Ca -+ accumulation in the smooth-muscle cytoplasm of basilar artery as early as 15 minutes after experimentally induced SAH; 1~ other authors have supported this finding.~~ However, there have been no serial studies on the time-dependent mechanisms by which the elevated concentrations of cytoplasmic free Ca ++ in the cerebral artery after SAH return to normal. The Ca + +-adenosine triphosphatase complex (Ca-+-ATPase) on the plasma membrane, which consumes energy to export intracellular Ca ++ to extracellular spaces, is involved in the regulation of Ca ++ homeostasis. The enzyme is abundant in smooth-muscle cells of the cerebral blood vessels and is capable of pumping out the cation at a wide range of Ca + + concentrations. 3,~,12,1s,24 A survey of the time-dependent changes in Ca-+-ATPase activity would provide clues regarding the impairment of Ca ++ homeostasis in vascular smooth-muscle cells after experimental SAH.
LTERATIONS in the concentration of cytoplasmic free Ca*-have been shown to modulate smooth-muscle contraction and relaxation; these changes may also play an important role in the pathogenesis of cerebral vasospasm after subarachnoid hemorrhage (SAH) . 16,21,29,33,34,36,3~,41 ) Several attempts have been made to measure time-dependent changes in Ca ++ concentrations in smooth-muscle cells of the basilar artery of animals with experimental SAH. We have previously demonstrated a massive Ca -+ accumulation in the smooth-muscle cytoplasm of basilar artery as early as 15 minutes after experimentally induced SAH; 1~ other authors have supported this finding.~~ However, there have been no serial studies on the time-dependent mechanisms by which the elevated concentrations of cytoplasmic free Ca ++ in the cerebral artery after SAH return to normal. The Ca + +-adenosine triphosphatase complex (Ca-+-ATPase) on the plasma membrane, which consumes energy to export intracellular Ca ++ to extracellular spaces, is involved in the regulation of Ca ++ homeostasis. The enzyme is abundant in smooth-muscle cells of the cerebral blood vessels and is capable of pumping out the cation at a wide range of Ca + + concentrations. 3,~,12,1s,24 A survey of the time-dependent changes in Ca-+-ATPase activity would provide clues regarding the impairment of Ca ++ homeostasis in vascular smooth-muscle cells after experimental SAH.
In this study, we focused on the chronological changes in Ca++-ATPase activity on the plasma membrane of canine basilar artery smooth-muscle cells before and after experimental SAH, using electron microscopic histochemistry and bioassay of the enzyme. The findings were compared with alterations in Ca + +-ATPase activity within the basilar artery before and after the application of two vasoconstrictive agents: prostaglandin Fa~ (PGFz,3 and 12-O-tetradecanoyl-phorbol-13-acetate (TPA), a phorbol ester.
Materials and Methods

Animal Preparation
The experiments were conducted in compliance with the guidelines for animal experimentation at Ehime University School of Medicine. Adult mongrel dogs of both sexes, each weighing 4 to 9 kg, were anesthetized by intravenous injection of thiamylal sodium (10 rag/ kg) following an intramuscular injection of ketamine hydrochloride (5 mg/kg) and atropine sulfate (0.5 mg). Endotracheal intubation and catheterization of the right femoral artery were performed to continuously monitor the systemic blood pressure and pulse rate, and vital signs were maintained within the normal physiological ranges by artificial ventilation and a heating blanket.
Ca + +-A TPase H istochemistry
Forty-nine dogs were divided into four groups. There were 12 dogs in the normal control group, nine underwent drug-induced vasospasm, 15 underwent SAHinduced vasospasm, and 13 underwent double-SAHinduced vasospasm. In the drug-induced group, PGF2~ (10 .4 M) dissolved in saline was topically applied to the basilar artery by transclival exposure under an operating microscope, and 1 ml of TPA (6.0 ng/kg) dissolved in 1% dimethyl sulfoxide (DMSO) was injected intracisternally by puncturing the cisterna magna with a No. 22 needle. The final concentration of TPA in the cerebrospinal fluid was estimated at approximately 5 • 10 -9 M (1% DMSO has no effect on the canine basilar artery). In the single-SAil group, 0.8 ml/kg of autologous arterial blood obtained from the femoral artery catheter was intracistemally injected as described above, and in the double-SAH group, intracisternal injection of arterial blood was repeated after the first 48 hours? s Changes in basilar artery diameter subsequent to PGF2,~ and TPA injections and SAH insults were assessed by angiography.
Histochemical examination was performed 15 and 60 minutes after topical application of PGF2~; 4 hours after intracisternal injection of TPA; 30 minutes, 24 hours, 48 hours, and 7 days after arterial blood injection in the single-SAH group; and 4, 7, and 14 days after the first arterial blood injection in the double-SAil group. The animals were anesthetized with thiamylal sodium and perfused transcardially, first with 0.5 liter ice-cold saline and then with 1.0 liter of 30 mM PIPESNaOH buffer containing 2% paraformaldehyde, 0.25 % glutaraldehyde, 10% DMSO, and 8% sucrose. The basilar arteries were removed and cut into 2-mm sections with a razor blade. The specimens were immersed in the same fixative at 4~ for 30 minutes, washed overnight in 30 mM PIPES-NaOH buffer (pH 7.2) containing 8% sucrose and 10% DMSO at 0~ and cut into 40-/xm sections with a microslicer.
The sections were incubated for 30 minutes at 37~ in a reaction medium consisting of 3 mM adenosine triphosphate (ATP)-2Na, 1 mM CaClz, 4 mM lead citrate, 8% sucrose, and 2.5 mM levamisole* (which inhibits intrinsic alkaliphosphatase) in 250 mM glycine-KOH buffer (pH 9.0), according to the method of Ando, et al. 2 Control sections were incubated in a reaction medium devoid of ATP-2Na. The sections were rinsed with 30 raM PIPES-NaOH buffer (pH 7.2) containing 8% sucrose for 30 minutes at 0~ and postfixed with 1% osmium tetroxide in the same buffer for 15 minutes at 0~ They were then dehydrated in a graded series of ethanol, treated in propylene oxide, and embedded in Spurr's resin. Ultrathin sections were cut with an ultramicrotome and the reaction products, which demonstrated liberated phosphate ions captured by lead citrate from hydrolysis of ATP by Ca-+-ATPase, were observed using an electron microscope. Control sections and normal basilar specimens were examined at the same time in each series of histochemical study.
Morphometric Assessment of Plasma Membrane Ca + +-A TPase Activity
Three blocks embedded in resin were randomly obtained from each basilar artery and cut into ultrathin transverse sections. The area of enzyme reaction products on and attached to the cytoplasmic membrane, excluding those in the intercellular space, were calculated per unit length of the membranes of 10 to 15 smoothmuscle cells in individual blocks with the use of an image analyzer.
Biochemical Assay of Ca + ~-ATPase
To ascertain the validity of the semiquantitative analysis of Ca + +-ATPase activity, a biochemical assay was conducted. Five animals in the double-SAH group were perfused with 1.5 liters of ice-cold saline 2 days after the second injection of arterial blood into the cisterna magna, and 10 to 20 mg of the basilar arteries was removed and homogenized in 2 ml saline. Then 0.1 ml of the homogenate was incubated at 37~ for 30 minutes with 1.0 ml reaction medium containing 1.0 mM CaC12, 3.0 mM ATP-2Na, 8% sucrose, and 2.5 mM levamisole in 250 mM glycine-KOH buffer (pH 9.0). The reaction was stopped by the addition of 1.5 ml of 15% trichloroacetic acid, and the solution was centrifuged at 2000 rpm for 10 minutes. Next, 1.5 ml of supernatant was added to 1.5 ml of reagent containing 0.2 M FeSO4, 10 M ammonium molybdate and 1 N H2SO~. Light absorbance was measured 5 minutes later at a wavelength of 720 nm by a spectrophotometer? 9 Four dogs from the control group were also treated as described above.
Statistical Analysis
All values are given as the mean + standard deviation. Statistical comparison was made by a two-factor analysis of variance (Scheff6's test for multiple comparisons).
* Adenosine triphosphate-2Na manufactured by Sigma Chemical Co., St. Louis, Missouri; levamisole manufactured by Aldrich Chemical Co., Milwaukee, Wisconsin. 
Results
Localization of Ca++-ATPase Reaction Products
The electron-dense reaction products of Ca ++-ATPase were predominantly observed along the surface and caveolae of the plasma membrane of all smooth-muscle cells in normal basilar arteries (Fig.  IA) . The cytoplasm and intracellular organelles did not exhibit any specific black deposits, although tiny lead deposits were noted over the smooth-muscle cell bodies. No reaction products were observed in control sections incubated with medium free of ATP-2Na. The amount of reaction product along the membrane increased 15 minutes after the topical application of PGF2~ (Fig. 1B) and 4 hours after the intracistemal injection of TPA (Fig. 1C) . On the other hand, the amount of reaction product had decreased 24 hours after the initial arterial blood injection into the cisterna magna (Fig. 1D ) and 2 and 5 days after the second arterial blood injection (Fig. 1E and F) . The SAH-induced animals did not show any increase in Ca § reaction deposits in comparison with the normal controls at any time during observation.
Semiquantitative Analysis of Plasma Membrane Ca + +-A TPase Activity
The mean content of Ca + +-ATPase reaction products on the smooth-muscle cell plasma membrane of normal basilar artery, based on 12 sections from the control group, was estimated to be 0.0280 + 0.0039 sq/xm//xm (_+ standard deviation).
Topical PGF2, diminished the diameter of the basilar artery by 20% to 30% and significantly activated plasma membrane Ca++-ATPase, as revealed by a mean increase in enzyme reaction products to 0.0387 _+ 0.0029 sq/xm/~m (data from three sections) 15 minutes after its application. Both diameter and activity returned to control values 60 minutes later (Fig. 2a) . In the group injected with intracisternal TPA, the diameter of the basilar artery assessed by angiography was reduced to 60% to 70% of the control and Ca + +-ATPase rcaction products significantly increased up to 0.0365 + 0.0059 sq tzm/ixm (three sections) 4 hours after TPA injection (Fig. 2b) .
In the single-SAH group, the Ca + +-ATPase reaction products tended to decrease slightly 30 minutes after FIG. 3 . Graph showing semiquantitative measurements of plasma membrane Ca++-adenosine triphosphatase (ATPase) reaction products in smooth-muscle cells of the basilar artery in the single-subarachnoid hemorrhage (SAH) and double-SAH groups. Each value represents the mean -+ standard deviation. In the single-SAH group, Ca' +-ATPase activity significantly decreased (p < 0.05) 24 hours after the initial SAH insult and showed gradual recovery later. In the double-SAH group, it had significantly decreased by 4 (p < 0.01) and 7 (p < 0.01) days after the initial SAH insult or 2 and 5 days after the second arterial blood injection, n -number of sections from which data were taken. an intracisternal blood injection; they significantly decreased to 0.0125 _+ 0.0030 sq/xm//xm (five sections) 24 hours after SAH insult. During this period the diameter of the affected basilar artery diminished by 28%. Enzyme activity had almost returned to control levels by 7 days after arterial blood injection; in conjunction with this, the basilar arteries were gradually dilated (Fig. 3, single-SAH group) . In the double-SAH group, the decrease in both Ca+-~-ATPase activity and basilar artery diameter became more severe and more persistent than that seen in the single-SAH group. The values of Ca + +-ATPase reaction products were 0.0076 _ 0.0039 sq /zm/tzm (five sections) and 0.0083 _ 0.0055 sq/xm//xm (four sections) 4 and 7 days after initial SAH, respectively. Thereafter they began to increase and returned close to if not at the control level by 14 days after the initial SAH insult (Fig. 3) .
BiochemicaI Assay of Ca++-ATPase Activity in the Basitar Artery
A biochemical assay showed a significant decrease (p < 0.05) in Ca++-ATPase activity (0.3932 • 0.0921 /xm inorganic phosphate (Pi)/min/mg tissue) in the basilar arteries of the double-SAil group 4 days after the initial SAH insult compared to the enzyme activity (0. 8245 ---0.3059 /xg Pi/min/mg tissue) in the normal (control) basilar arteries (Fig. 4) .
Discussion
The present study employed a histochemical method for localization of Ca++-ATPase and to measure semiquantitatively its activity on the plasma membranes of smooth-muscle cells in canine basilar artery before and after experimental SAH. This study confirmed that, under incubation with 1 mM CaC12 and enough ATP, Ca++-ATPase activity is observed along the plasma membranes of the smooth-muscle cells but not in the intracellular organelles, z,23' 37 In the specimens from dogs with PGF2~ and TPA-induced vasospasm, black deposits with the appearance of reaction products that had diffused from the membrane were apparently increased in the intercellular spaces; there were few in the SAH group. However, in our approach to quantification of enzyme activity on the membrane, we did not quantify the intercellular black deposits that had diffused away from the membrane. The deposits could be yielded by Ca + +-ATPase on the membrane of neighboring smooth-muscle cells but would not necessarily appear on the same cutting plane and the exclusion of these intercellular black deposits might cause an underestimation of elevated enzyme activity in the druginduced group if they were diffused reaction products. In the SAH groups, we also confirmed the decrease of Ca++-ATPase using a biochemical assay.
Two mechanisms are currently proposed for the biochemical modulation of the molecular interaction between actin and myosin. The arterial contraction mediated by the myosin light-chain kinase through the Arterial Ca ~-ATPase activity decreases after SAIl Ca++-calmodulin pathway is generally transient, ~.2~ and the activation of the protein kinase C (PKC) pathway elicits slowly developing but sustained arterial contractionY ,2~ In general, both pathways require an increase in intracellular Ca ++ for activation and Ca ++-ATPase activity also depends on the cytoplasmic Ca ++ concentration. When the normal basilar artery in the present study contracted to its maximum extent, either through activation by PGF2~, of the Ca++-calmedulin pathway or through activation by the phorbol ester TPA of the PKC pathway, ~,3~ Ca++-ATPase activity increased significantly on the plasma membranes of vascular smooth-muscle cells. These results are in good agreement with previous studies showing biochemical regulation by these intracellular mediators of Ca ++-ATPase activities in other tissues. 5,~35,2~,32,3s On the other hand, in the single-SAH group, plasma membrane Ca++-ATPase activity decreased after experimental SAH, while the basilar artery contracted with a concomitant increase of Ca + * in the vascular smoothmuscle cells, as we reported previously. ~4 The more vasospasm was enhanced by additional injection of arterial blood in the double-SAH group, the more prominent and longer was the suppression of Ca++-ATPase activity. Alterations in calmodulin content or PKC activity in the smooth-muscle cells cannot account for this early-occurring and long-lasting reduction of Ca++-ATPase activity after experimental SAH, since the decrease in calmodulin content in the basilar artery is trivial 6 hours after experimental SAH 29 and PKC is significantly activated 4 days after initial blood injection in the double-SAH models? ~ The reduction in Ca++-ATPase activity after SAH may be caused by either degeneration of enzyme protein per se or production of inhibitory substances in the subarachnoid space. An electrophysiological study demonstrated that the membrane properties of smoothmuscle cells change as early as 30 minutes after SAH, 39 and Sasaki, et at., 3t also reported disruption of tight junctions between the vascular endothelial plasma membranes 40 minutes subsequent to experimental SAH. These findings strongly suggest that the early post-SAH decrease in plasma membrane Ca + +-ATPase activity exhibited in this study was due to damage to the smooth-muscle cell membrane preceding the apparent degenerative changes observed by conventional electron microscopy. The fluidity of plasma membrane is an important factor influencing Ca++-ATPase activity, in which a number of phospholipid molecules form an anulus to encircle Ca +'-ATPase and an alteration in the disposition of membrane lipids and cholesterol exerts an inhibitory effect on the enzyme without causing any structural damage. 4,7.4') Superoxide released from the oxyhemoglobin in a subarachnoid clot, one of the representative spasmogens, s,27,2~ is a possible causative agent in the reduction of Ca++-ATPase activity with membrane damage after SAH; the participation of this substance in the inactivation of Ca ++-ATPase in cerebral ischemia has been established. ~ Furthermore, the activity of Ca++-ATPase in the cerebral artery may be lowered after SAH, because the vascular reservoir of ATP tends to be depleted 30 minutes after SAH and decreases significantly 1 to 7 days after SAH. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Our observations revealed that the relationship between Ca-+-ATPase activity on the plasma membrane and arterial contraction occurring after SAH was contrary to that in the vasoconstrictor drug-induced vasospasm. Also, the chronological alteration of the enzyme's activity was in almost inverse proportion to that of intracellular Ca ++ accumulation in smooth-muscle cells up to 4 days after SAH, as reported in our previous study. 14 These findings indicate that the events occurring m conjunction with cerebral artery contraction after SAH were not identical, even in the early periods, to those occurring in normal physiological contraction revealing a discrepancy between the Ca + +-ATPase activity and the intracellular Ca ++ concentration. The SAH insults may cause some damage to the smoothmuscle cell membrane immediately after onset, probably due to harmful substances in the extravasated subarachnoid blood and the early-occurring damage to the vascular smooth-muscle cell membrane after experimental SAH not only increases its permeability to incoming Ca +, but also impairs the activity of Ca ++-ATPase on the plasma membrane. This results in an initial accumulation of Ca + + within the cytoplasm of vascular smooth-muscle cells, which, in conjunction with other factors that induce Ca ++ influx, 9.17,34,3-s results in prolonged disturbance of Ca ++ homeostasis. This might lead to persistent contraction of the smooth muscles with subsequent degeneration of the smooth muscles by disordered intracellular signal transduction as the Ca ++ toxicity propagates to vital intracellular mechanisms, noted in the cerebral vasospasm after SAH. It remains to be determined whether the impairment of Ca -+ homeostasis suggested in the experimental SAH models is involved in the occurrence of vasospasm in patients with SAH.
